Introduction
Type 1 diabetes is caused by an autoimmune destruction of pancreatic beta cells resulting in insulin deficiency and consequent hyperglycaemia. Recent data have shown that the replacement of damaged beta cells by the transplantation of islets from donors could be used to provide a continued insulin reserve and a long-term glycaemic control [1] . The major obstacle remains the insufficient supply of cells. Thus, alternative sources of beta cells have to be found.
Recently, the potential of different human cell types and tissues to differentiate into beta cells has been evaluated. For example, human embryonic pancreata at an early stage of development were used [2] . In this model, it was shown that when human embryonic pancreata at 6-9 weeks of development that contain very rare insulin-containing cells were grafted under the kidney capsule of NOD/scid mice, the tissue grew, increasing in weight 200 times within 6 months, and the endocrine cells differentiated.
While data related to the control of pancreas development in rodents accumulate, little is known about the factors that control the proliferation and the differentiation of the precursors in the human embryonic pancreas. In rodents, it is now established that pancreas development is controlled by signals derived from different tissues that contact the endodermal regions. In the case of signals derived from the pancreatic mesenchyme, it has been shown that ligands of receptor tyrosine kinases are implicated in the control of pancreatic epithelial cell proliferation and differentiation. This is for example the case for members of the fibroblast growth factor (FGF) family. Specific ligands for fibroblast growth factor receptor 2b (FGFR2b), 47 and FGF10, are expressed in the pancreatic mesenchyme [3] , and data based on loss or gain of function experiments indicate that both FGF7 and FGF10 are implicated in the control of pancreas development [3] [4] [5] [6] .
In the present study, we have examined the expression of FGF7 and FGF10 in human embryonic pancreata at 6-9 weeks of gestation. We next designed a new experimental approach based on the separation of epithelial from mesenchymal cells and showed that in human embryonic pancreas, FGF7 and FGF10 are expressed in mesenchymal cells. Finally, we examined the role of FGF7 and FGF10 and demonstrated that both factors activate the proliferation of embryonic pancreatic epithelial cells.
Materials and methods
Human tissues Human pancreata were extracted from embryonic tissue fragments obtained immediately after voluntary abortions performed between 6 and 9 weeks of development, in compliance with the current French legislation.
RT-PCR Total RNA was isolated by the guanidinium isothiocyanate method [7] . The oligonucleotides used for amplification were (Table 1) :
Selection of pancreatic epithelial cells from mesenchymal cells and SYBR Green real-time PCR An immunomagnetic separation system (Dynabeads, Dynal) was used to separate epithelial from mesenchymal cells. Human embryonic pancreatic tissue was digested with 250 U/ml of Collagenase IV (Worthington), and the cells were mechanically dispersed through 18-, 23-, and 25-gauge needles. Cells were next incubated with anti-E-cadherin antibody raised in rats (a gift from Dr Kemler) and incubated with Dynabeads M-450 sheep anti-rat IgG (Dynal). Dynabead-bound cells were collected by Dynal magnetic particle concentrator (Dynal). Total RNAs from cells bound or unbound to beads were extracted for real-time PCR analysis and processed using the SYBR Green PCR Core Reagent Kit (Applied Biosystems) according to the manufacturer's instructions. Each sample was amplified in duplicate.
FGF treatment Human pancreatic rudiments were cultured on Millipore filter inserts in 12-mm tissue culture plates in RPMI 1640 medium, and treated with 50 ng/ml of human recombinant FGF7 or FGF10 (both from R&D Systems), or PBS/BSA as control, for 1 h without serum (for EGR1 expression experiment ) or for 24 h with 1% serum (for cell proliferation experiment). During the last hour, 10 μmol/l bromodeoxyuridine (BrdU, Sigma) was added.
Immunohistochemistry Paraffin-embedded, 4-μm-thick sections were processed for immunohistochemistry with antibodies directed against BrdU, pan-cytokeratin, vimentin, E-cadherin, and Pdx1 as described in [8] . The fluorescent secondary antibodies were Texas red anti-mouse, FITC antirat, and FITC anti-rabbit antibodies.
Results
Expression of FGF7 and FGF10 in pancreatic mesenchyme Among the 22 FGF family members analysed by RT-PCR, we found that FGF1, 2, 5, 7, 9, 10, 11, 12, 17, and 18 were present in human embryonic pancreas at 6-9 weeks of development (data not shown). We focused on FGF7 and FGF10 and first asked whether they were expressed by pancreatic epithelial or mesenchymal cells. As shown in Fig. 1 , the human embryonic pancreas is composed of epithelial cells expressing cytokeratin and Pdx1 and mesenchymal cells expressing vimentin. At this stage, the epithelium cannot be mechanically separated from the mesenchyme. We thus adapted a new method to separate human embryonic pancreatic epithelial cells from mesenchymal cells. We first showed that epithelial cells express the transmembrane protein E-cadherin (Fig. 1) . We next used anti-E-cadherin antibodies and the Dynabead system to separate epithelial from mesenchymal cells. After cell separation, RNA was prepared and real-time PCR was used to compare cells in the two fractions. As shown in Fig. 2 , cells that attached to the beads (E-cadherin-sorted cells) expressed ten times more E-cadherin mRNA than cells that did not attach to the beads. On the other hand, cells that did not attach to the beads expressed six times more vimentin mRNA, ten times more FGF7 mRNA, and eight times more FGF10 mRNA, than cells that attached to the beads (Fig. 2) . This indicates that both FGF7 and FGF10 are expressed in the mesenchyme during the early stages of human pancreatic development.
Effect of FGF7 and FGF10 on the proliferation of embryonic pancreatic epithelial cells EGR1 is an early growth response gene that is rapidly induced by growth factors. As shown in Fig. 3 , both FGF7 and FGF10 treatment of the pancreatic rudiments induced the expression of EGR1 mRNA, indicating that functional receptors for such factors were expressed by human embryonic pancreatic cells. The expression of FGFR2b, the receptor for FGF7 and FGF10, by human embryonic epithelial cells was confirmed by RT-PCR (data not shown). Embryonic pancreata were next cultured with or without FGF7 or Table 1 Cyclophilin forward: 5′-CAGGTCCTGGCATCTTGTCC-3′ reverse: 5′-TTGCTGGTCTTGCCATTCCT-3′ E-cadherin forward: 5′-AGTGGGCACAGATGGTGTGA-3′ reverse: 5′-TAGGTGGAGTCCCAGGCGTA-3′ Vimentin forward: 5′-CCTCACCTGTGAAGTGGATGC-3′ reverse: 5′-CAACGGCAAAGTTCTCTTCCA-3′ FGF7 forward: 5′-ATCAGGACAGTGGCAGTTGGA-3′ reverse: 5′-AACATTTCCCCTCCGTTGTGT-3′ FGF10 forward: 5′-CACATTGTGCCTCAGCCTTTC-3′ reverse: 5′-AGGTGATTGTAGCTCCGCACA-3′ EGR1 forward: 5′-ATCATATGCCTGACCCCTTGC-3′ reverse: 5′-TTTCCCCCAAGTGAGGACCTA-3′
FGF10 for 24 h, and during the last hour, 10 μM BrdU was added. As shown in Fig. 4 Fig. 1 Characterisation of the pancreatic epithelium and mesenchyme from 9-week-old human embryos. Pancreatic sections were stained for a cytokeratin (in green) and vimentin (in red), b Pdx1 (revealed in brown), c E-cadherin (in green), and d cytokeratin (in red). c, d
The same section stained with anti-E-cadherin and anti-cytokeratin antibodies. Bar 50 μm. Fig. 2 Expression of FGF7 and FGF10 in the human embryonic pancreatic mesenchyme. Epithelium-rich and mesenchymerich fractions were separated using the Dynabead system and anti-E-cadherin antibodies as described in Materials and methods. The relative levels of cyclophilin, E-cadherin, vimentin, FGF7, and FGF10 were compared between the fraction of cells bound to the beads and the cells present in supernatant. An arbitrary value 100 was systematically given to the signal obtained with the cells attached to the beads. Solid bars fraction of cells bound to beads with anti-E-cadherin antibody, open bars fraction of cells from supernatant. Data represent mean ± SE (n=4); *p<0.05, **p<0.01.
Discussion
In human embryonic pancreas, the inability to separate the pancreatic epithelium from the mesenchyme has represented a technical limitation to studying epithelial-mesenchymal interactions. Kobayashi et al. [9] recently defined an approach to solving this problem in the rodent pancreas at late stages of development, by using Dolichos biflorus agglutinin (DBA) as a specific marker of epithelial cells, and the Dynabead system. Here we used another epithelial marker, E-cadherin, and magnetic beads, to separate human epithelial from mesenchymal cells. Our data indicate that human embryonic pancreatic fractions enriched or poor in E-cadherin-expressing cells can be obtained. Such cell populations will be useful in the future to compare the transcriptome of these two fractions. Here, we used this approach combined with real time PCR as an alternative to in situ hybridization to define whether FGF7/10 was expressed by epithelial or mesenchymal cells. Using the approach described above, we demonstrated that FGF7 and FGF10 are expressed by mesenchymal cells, as in rodents. The next step was to define whether human embryonic pancreatic cells were sensitive to FGF7/10. Another group has recently shown that FGF7 treatment activated beta cell development from human fetal pancreatic cell preparations grafted to athymic rats. No ef- fect of FGF7 was seen in vitro, suggesting that the growth effect of FGF7 was indirect [10] . Here, we show that FGF7 and FGF10 also have a direct effect on embryonic pancreatic cells. This was demonstrated by their capacity to rapidly induce the expression of EGR1. Moreover, we were able to show that FGF7 and FGF10 specifically activated epithelial cell proliferation. FGF7 and FGF10 could thus be used to expand human embryonic pancreatic epithelial cells that could potentially be useful for therapeutic approaches.
In conclusion, we have used a new method of separation of epithelium and mesenchyme from human embryonic pancreas, which allowed us to demonstrate that FGF7 and FGF10 were expressed by mesenchymal cells. Next, we provide evidence that FGF7 and FGF10 are capable of inducing the proliferation of the pancreatic epithelium in a direct fashion, thereby amplifying the pool of precursor cells. Our discovery of this direct mitogenic effect of FGF7 and FGF10 provides a novel approach to enhancing the quantity of pancreatic progenitor cells that represent a potential source of beta cells.
